Fucoxanthin (Fx), abundantly contained in edible brown algae, is a carotenoid with strong anti-cancer potential. Anoikis is an anchor-dependent apoptosis particularly related to integrin signaling, and a target for cancer preventive strategies. We recently demonstrated that Fx prevented colon cancer in azoxymethane-dextrane sodium sulfate (AOM/DSS) carcinogenic model mice, and that it increased anoikis-like integrin β1 low/-/cleaved caspase-3 high cells in colonic mucosal crypts. However, an induction mechanism of anoikis by Fx in adenocarcinoma tissue remains unresolved. Thus, we investigated anoikis in colonic adenocarcinoma in AOM/DSS mice. Fx administration (30 mg/kg body weight) significantly suppressed the incidence and multiplicity of colonic adenocarcinoma in AOM/DSS mice. A number of anoikis-like integrin β1 low/-/cleaved caspase-3 high cells in colonic adenocarcinoma and mucosal crypts were significantly increased, 8.3and 3.5-fold in the Fx group compared with those of the control group, respectively. The results indicated the increase of anoikis-like cells occurred more strongly in colonic adenocarcinoma than in colonic mucosal crypts. In addition, integrin β1 expression, and pFAK (Tyr 397 ) and pPaxillin (Tyr 31 ) activation in mucosal tissue decreased 0.7-, 0.5-and 0.6-fold by Fx administration, respectively. The results suggest that Fx induces anoikis in colonic adenocarcinoma developed by AOM/DSS treatment through attenuation of integrin signaling.
Introduction
Anoikis is cell-detachment apoptosis induced by loss of integrin-mediated anchorage from the extracellular matrix (ECM), and it is indispensable for normal embryogenesis and homeostasis. In the anoikis process, PI3K/Akt-, MAPK-and TGF-β signaling are first suppressed by activation of some Paraffin-embedded tissue sections from the mice were stained with integrin β1 and cleaved caspase-3 (Asp175) by immunohistochemical techniques. Sections were de-waxed in xylene, washed in alcohol and distilled water. Antigen retrieval in the sections was performed by immersion in EDTA buffer (1 mM, pH 9) for 95 • C for 20 min. The sections were blocked at room temperature for 1 h with 5%BSA/0.1% polyoxyethylene (20) sorbitan monolaurate containing blocking solution (TBST) and then cooled to 4 • C. Subsequently, sections were probed with an integrin β1 primary antibody diluted 1:50 in 5%BSA/TBST overnight at 4 • C, then washed with TBST, and treated with goat anti-rabbit IgG-Alexa546 diluted 1:100 in TBST for 1 h at room temperature in the dark. Then, sections were washed with TBST, probed with cleaved caspase-3-Alexa488 primary antibody overnight at 4 • C. Sections were washed with PBS and mounted in ProLong Gold Antifade reagent with DAPI to detect cell nuclei. Co-localization of integrin β1 and cleaved caspase-3 were performed using a Nikon TE2000 microscope (Nikon Co. Ltd., Tokyo, Japan) equipped with EZ-C1 acquisition software.
Cells having remarkably high fluorescence with cleaved caspase-3 protein (cleaved caspase-3 high ) and with low or negative expression of integrin β1 (integrin β1 low/-) were analyzed comprehensively in adenocarcinoma tissues and in colonic mucosal crypt and evaluated as anoikis-like cells (integrin β1 low/-/cleaved caspase-3 high cells), in contrast to non-anoikis-like integrin β1 high /cleaved caspase-3 high cells, per set tissue area (mm 2 ).
Western Blot
Tumors (≥2.0 mm at short diameter) were excised from mouse colonic mucosa in group 1 and 2 during dissection. Also, culture cells (see Materials and Methods Section 2.5) were harvested by trypsinization FxOH treatment. Tumors and cells were each washed twice with PBS and then total lysates were prepared by a lysis buffer. Fifty micrograms of cell proteins were subjected to western blot analysis using 10% acrylamide gels containing SDS. The protein-separated gels were then transferred to a PVDF membrane. The PVDF was blocked in 1% BSA/TBST at room temperature and was bound with each of the primary antibodies diluted 1:1000 in 1% BSA/TBST overnight at 4 • C. The membranes were washed and incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies diluted 1:5000 in TBST at room temperature for 1 h. The membranes were washed and subjected to chemiluminescence reagents.
Cell Viability
DLD-1 and MRC-5 cells were cultured at a density of 80 and 20 × 10 4 cells on a 100-mm dish in 10%FBS/DMEM medium for 4 d, respectively. Then, DLD-1 cells were seeded at a density of 50 × 10 4 cells into on a new 100-mm dish in the above conditions medium of the MRC-5 cells for 2 d, followed by repeated culture (total culture duration, 4d), i.e., DLD-1 MRC5 cells. Control DLD-1 cells were cultured at the same cell concentration with fresh 10%FBS/DMEM medium for 4 d, i.e., DLD-1 None cells. Subsequently, both DLD-1 MRC5 and DLD-1 None cells were seeded at a density of 5 × 10 4 cells/ml into 24-well plates in 10%FBS/DMEM medium for 3.5 h. The adherent cells were incubated with 1%FBS/DMEM medium containing FxOH (final concentration, 1.0 or 5.0 µmol/l) or a vehicle (dimethylsulfoxide, DMSO) for 2 d. Then, cells were incubated with 25 µl of WST-1 reagent and measured using multiple ELISA reads (TECAN Japan, Tokyo, Japan).
Statistical Analysis
Values are the mean ± SE. Significant differences between the two groups were determined by Fisher's exact probability test for incidence of colorectal lesions, Wilcoxon rank sum test, and one-way ANOVA with Tukey-Kramer post-hoc test for multiple comparisons, and the differences were considered statistically significant when p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.00001 (*****).
Results

Histopathological Findings
Fx-oil was administered by gavage to mice for the final three weeks ( Figure 1B ). Unusual clinical signs were not seen at administration of Fx to mice in these periods. There was no significant difference in body weights among the four groups during the Fx treatment period ( Figure 1C ). The number of tumors in the Fx-treated group (group 1) significantly decreased compared to those of the control group (group 2); Fx-treated group 2.9 ± 1.3 and control 6.7 ± 1.5 ( Figure 1D ). No significant difference was observed in the tumor sizes between the Fx-treated group (23.3 ± 7.8 mm 3 ) and the control group (19.6 ± 5.4 mm 3 ) ( Figure 1E ). Pathological examination revealed that the incidence and multiplicity of mucosal damage (supposed to be a cured ulcer), dysplastic crypts, adenoma and adenocarcinoma significantly decreased and/or tended to be lower by Fx administration (Table 1, Figure 2A ,B). Of note, the multiplicity of adenocarcinoma in the Fx-treated group (0.6 ± 0.3) was significantly decreased compared with that of the control group (2.4 ± 0.9) ( Figure 1D ). Fx 30 mg/kg bw 0% * 0%***** 0%*** 0%** 0%***** 4
None 0% * 0%***** 0%*** 0%** 0%***** Fx 30 mg/kg bw 0% * 0% ***** 0% *** 0% ** 0% ***** 4
None 0% * 0% ***** 0% *** 0% ** 0% ***** 
Enhancement of Anoikis Induction in Colonic Adenocarcinoma and Mucosal Crypts by Fx
To evaluate the anoikis induction by Fx administration, anoikis-like integrin β1 low/-/cleaved caspase-3 high cells were measured in colon adenocarcinoma and mucosal crypts in AOM/DSS mice by fluorescent immunohistochemistry. In addition, non-anoikis-like integrin β1 high /cleaved caspase-3 high cells were also measured ( Figures 3A and 4A ). As a result, anoikis-like cells in colorectal adenocarcinoma were significantly increased 8.3-fold by Fx administration in group 1 compared with those of the control. No significant difference was observed regarding non-anoikis-like cells in colorectal adenocarcinoma between groups 1 and 2. In addition, more anoikis-like cells were observed than non-anoikis-like cells in group 1. Meanwhile, fewer anoikis-like cells were observed than non-anoikis-like cells in group 2 ( Figure 3B ). No correlation was found between the number of cells per adenocarcinoma tissue area (mm 2 ) and the whole area of adenocarcinoma (mm 2 ) in either anoikis-like or non-anoikis-like cells examined in groups 1 and 2 ( Figure 3C ). Moreover, we investigated the location (upper and lower sites) of anoikis-like cells in colon adenocarcinoma. As a result, a difference in the number of cells between the upper and lower sites was not observed in either anoikis-like or non-anoikis-like cells in colon adenocarcinoma in group 1. However, the number of anoikis-like and non-anoikis-like cells on the upper site was both higher than the number of those cells on the lower site in group 2 ( Figure 3D and 3E ). On the colonic mucosal crypts, the number of anoikis-like cells in group 1 was significantly increased 3.5-fold by Fx administration compared with those of control mice in group 2, whereas no significant difference was observed among the four groups in non-anoikis-like cells ( Figure 4B ). 
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Protein Expression and Activation Related to Integrin Signaling in Colonic Normal Mucosa and Tumor by Fx
To evaluate the effect of Fx on protein expression and on activation levels involved in anoikis induction in AOM/DSS mice, the integrin signal-related protein plus αSMA, a CAF marker, was measured in normal colonic mucosa and tumors of the mice ( Figure 5 ). Integrin β1 and αSMA expression, and pFAK (Tyr 397 ) and pPaxillin (Tyr 31 ) decreased 0.7-, 0.5-, 0.5-and 0.6-fold in normal 
To evaluate the effect of Fx on protein expression and on activation levels involved in anoikis induction in AOM/DSS mice, the integrin signal-related protein plus αSMA, a CAF marker, was measured in normal colonic mucosa and tumors of the mice ( Figure 5 ). Integrin β1 and αSMA expression, and pFAK (Tyr 397 ) and pPaxillin (Tyr 31 ) decreased 0.7-, 0.5-, 0.5-and 0.6-fold in normal mucosa in group 1 by Fx administration, respectively, but E-cadherin expression did not change, compared with those in group 2 ( Figure 5B ). mucosa in group 1 by Fx administration, respectively, but E-cadherin expression did not change, compared with those in group 2 ( Figure 5B ). Moreover, Integrin β1 (1.6-fold), E-cadherin (0.3-fold) and αSMA (26.6-fold) expression, and pFAK (Tyr 397 ) (2.2-fold) and pPaxillin (Tyr 31 ) (0.4-fold) altered in the tumors in group 2 compared with normal mucosa in group 1. Meanwhile, the expression and activation for these five proteins in tumors of group 1 were very similar to those of group 2 ( Figure 5C ).
Effect of Fucoxanthinol in DLD-1 Cells Using the Culture Supernatant of Fibroblast MRC-5 Cells
The protein profiles of DLD-1 None and DLD-1 MRC5 cells were determined by western blot. In DLD-1 MRC5 cells, the pFAK (Tyr 397 ) (1.5-fold) and pPaxillin (Tyr 31 ) (1.3-fold) were activated in comparison with those of DLD-1 None cells. Integrin β1 expression was almost the same between the two cell types ( Figure 6A Figure 6B ).
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Discussion
The present study demonstrated that Fx administration suppressed colonic lesions and increased anoikis-like integrin β1 low/-/cleaved caspase-3 high cells, which were observed in both cancer cells in colonic adenocarcinoma and epithelial cells in colonic mucosal crypts of AOM/DSS mice. This is the first report suggesting anoikis induction by Fx treatment in colon adenocarcinoma, aimed at cancer chemoprevention.
We previously showed that Fx-oil administration every 1 or 3 days for 2 weeks increased anoikis-like integrin β1 low/-/cleaved caspase-3 high cells in colonic mucosal crypts in AOM/DSS mice at 8 weeks after the final DSS exposure. This is the timing when few colon adenocarcinomas could be identified [31] . Therefore, in the previous experiment, we failed to obtain a statistical difference in the number of anoikis-like cells in adenocarcinoma between Fx-treated and control mice. However, the results led us to hypothesize that Fx-induced anoikis in normal mucosa might promote normal epithelial cell turnover to prevent development of neoplastic cells. In addition, Fx-induced anoikis in colon adenocarcinoma might also prevent prolongation of colon adenocarcinoma. In the present study, we investigated the effect of Fx-induced anoikis on colon adenocarcinoma development in AOM/DSS mice at 13 weeks after the final DSS exposure. Fx-oil was administrated every 1 or 3 days in the final 3 weeks of the experimental periods. 
We previously showed that Fx-oil administration every 1 or 3 days for 2 weeks increased anoikis-like integrin β1 low/-/cleaved caspase-3 high cells in colonic mucosal crypts in AOM/DSS mice at 8 weeks after the final DSS exposure. This is the timing when few colon adenocarcinomas could be identified [31] . Therefore, in the previous experiment, we failed to obtain a statistical difference in the number of anoikis-like cells in adenocarcinoma between Fx-treated and control mice. However, the results led us to hypothesize that Fx-induced anoikis in normal mucosa might promote normal epithelial cell turnover to prevent development of neoplastic cells. In addition, Fx-induced anoikis in colon adenocarcinoma might also prevent prolongation of colon adenocarcinoma. In the present study, we investigated the effect of Fx-induced anoikis on colon adenocarcinoma development in AOM/DSS mice at 13 weeks after the final DSS exposure. Fx-oil was administrated every 1 or 3 days in the final 3 weeks of the experimental periods.
As a result, Fx administration significantly decreased the number of colonic tumors, the incidence and/or multiplicity of dysplastic crypts, adenoma and adenocarcinoma in the colon, compared with the those of control mice ( Figure 1D, Figure 2A ,B, and Table 1 ). As expected, anoikis-like integrin β1 low/-/cleaved caspase-3 high cells were detected in colon adenocarcinoma by Fx treatment ( Figure 3A) . Interestingly, the number of anoikis-like cells in colonic adenocarcinoma in group 1 rose 8.3-fold compared with that of control mice in group 2, regardless of tumor size. No correlation was observed between groups 1 and 2 for the number of non-anoikis-like cells. These results suggest that anoikis induction by Fx would be a leading cause for cell death in adenocarcinoma in AOM/DSS mice. In addition, the number of anoikis-like cells in colon mucosa remarkably increased 2.0-fold in group 1, quite contrary to that of 0.3-fold in group 2 (Figure 3B,C) . Moreover, the anoikis-and non-anoikis-like cells were observed ubiquitously in adenocarcinoma tissue in group 1. However, a number of anoikisand nonanoikis-like cells were observed on the upper site in group 2 (Figure 3D,E) . These facts suggest that anoikis induction in lower site of adenocarcinoma by Fx might be more enhanced than in upper site in group 1. On the other hand, on the colonic mucosal crypts, the number of anoikis-like cells in group 1 was significantly increased 3.5-fold by Fx administration, compared with that of control mice in group 2 (Figure 4A,B) . The data in the colonic mucosal crypt were consistent with our previous data of anoikis enhancement observed in AOM/DSS mice by Fx administration [31] . Our results suggest that Fx administration induced anoikis more strongly in adenocarcinoma than in that of colonic mucosal crypts. Various molecular mechanisms of apoptosis induction by Fx have been demonstrated in culture cancer cells [24] [25] [26] [27] [28] [29] , however, no reports are on animal models. The present study would be the first report showing an anticancer mechanism by Fx in an animal cancer model. So far, little evidence is available about anoikis in adenocarcinoma induced by natural and pharmaceutical compounds in humans and experimental animals. 4'-geranyloxy-ferulic acid and auraptene, both natural compounds isolated from plants, enhanced apoptosis in adenocarcinoma in AOM/DSS mice through suppression of NFκB, TNFα, NRF2, IL-6 and IL-1β [32] . In addition, collinin, a plant metabolite 8-methoxy type of auraptene, induces apoptosis in adenocarcinoma of AOM/DSS mice with attenuation of inflammatory factors, COX-2 and iNOS [33] . These three compounds might also increase anoikis-induced cells in adenocarcinoma because anti-inflammatory and anti-oxidative responses particularly accompanied the down-regulation of NFκB, TNFα and NRF2, the key pathways for anoikis [2, 3] . Anoikis in colon adenocarcinoma might be frequently observed in carcinogenic animal models administrated with natural compounds, when carefully investigating the type of apoptosis.
Western blot analyses suggested remarkable anoikis induction in colonic mucosa of mice by Fx treatment, supported by data of the attenuation of integrin β1, pFAK (Tyr 397 ) and pPaxillin (Tyr 31 ), except for E-cadherin, in whole normal mucosa in group 1 compared with those of group 2 (Figure 5A,B ). Although statistical difference on the protein change was unclear due to the small sample size (n = 2) on the tumor in group 1, the effect on whole tumor proteins by Fx seemed almost the same pattern as those in group 2 ( Figure 5A ,C). As integrin β1 and FAK proteins were highly expressed, not only in cancer epithelial cells but also in the major cells of a tumor microenvironment, including CAFs, myofibroblasts, immune cells and vascular cells [8, 12] , it may be difficult to assess the difference between groups 1 and 2. Thus, we evaluated the protein levels between normal mucosa in group 1 and tumors in group 2. As a result, integrin β1 expression and FAK activation were higher and paxillin activation and E-cadherin expression were lower in tumors in group 2 than in those of normal mucosa in group 1 (Figure 5A,C) . As integrin β1 and FAK are positively, and E-cadherin is negatively associated with acquisition of the EMT phenotype in cancer cells, the cells in group 2 might show the EMT phenotype. [1] [2] [3] . Because paxillin is known to be positively associated with carcinogenesis with FAK and Src, the inactivation of paxillin in the tumors of group 2 remains unclear [34] .
Notably, αSMA expression in normal mucosa and tumors in group 2 were 2.0-and 26.6-fold higher than that of normal mucosa of group 1, respectively ( Figure 5B,C) . The decrease of αSMA in normal mucosa by Fx is consistent with our previous study, in which low-dose Fx induced CAF reduction in colonic mucosa of AOM/DSS mice [35] . High expression of αSMA is a hallmark of CAF accumulation, and is considered a prognostic marker of human CRC [36, 37] . CAFs are essential components of a tumor microenvironment and promote cancer stemness, tumor progression, alterations of ECM, tumor immunity and anoikis-resistance [1, 38] . CAFs can sensitize to integrin subunits of CRC cells, and enhance cell migration through a CAF ligand, FGF2 [39] . In the present study, regardless of high αSMA expression in tumors of both groups 1 and 2 ( Figure 5C ), CAFs in group 1 increased 8.3-fold compared to those in group 2. Meanwhile, the number of anoikis-like cells in normal colonic epithelial cells of group 1 was 3.5-fold compared to those in group 2.
We have identified an anti-proliferative effect of FxOH, a major biotransformation of Fx on human CRC cells, on DLD-1 cells strongly correlated with anoikis induction in a previous study [30] . Thus, in the next experiment, we investigated the anti-proliferative effect of FxOH on DLD-1 cells with activation of integrin signaling using a supernatant of medium cultured from human fibroblast MRC-5 cells. As a result, the anti-proliferative ratios obtained in DLD-1 None and DLD-1 MRC5 cells were almost the same ( Figure 6 ). This result suggests that FxOH is able to induce anoikis in cancer cells, regardless of activation of integrin signaling. Thus we assumed that anoikis enhancement in adenocarcinoma observed in AOM/DSS mice by Fx administration may be little influenced by CAF conditions.
The effect of Fx on cancer chemoprevention in AOM/DSS mice may not be explained by induction of anoikis. For instance, anchor-dependent cell aberration induces autophagy and entosis as well as anoikis [40, 41] . Vitamin D and sulforaphane, functional lipids from food, enhance autophagy in small intestine tissue in APC 1638N mice given a high-fat diet [42] . Nintedanib, a tyrosine kinase inhibitor, is suggested to induce entosis in human prostate cancer cells in xenografted mice, along with E-cadherin upregulation and CDC42 downregulation [43] . To examine the contribution of anoikis induction on cancer chemoprevention in AOM/DSS mice by Fx, further investigation by using a flow-cytometer is needed to determine the ratios of alive, anoikis, apoptosis with autophagy and entosis in adenocarcinoma tissue.
Conclusions
In summary, Fx administration inhibits tumorigenesis, and increased anoikis-like cells in colonic adenocarcinoma of an AOM/DSS mouse model. Interestingly, anoikis-like cells were observed ubiquitously in the colonic adenocarcinoma region of the Fx-treated mice, but was strongly observed in the upper region of the control mice. Fx also suppressed the expression and inhibited the activation of integrin signaling-related proteins in mucosal tissue in AOM/DSS mice. The in vitro experiments indicated that FxOH also suppressed cell growth in anchorage-enhanced DLD-1 cells. Our findings suggest that Fx can induce anoikis in cancer epithelial cells in a carcinogenic mouse model. 
